Introduction
Faces are one of the most important stimuli in our lives. As a result, the human brain has developed a highly efficient mechanism with which to process faces. Consequently, humans have the ability to not only discriminate among thousands of different faces with ease but also are able to recognize faces that we may not have encountered for decades (for a review, see Pascalis et al. 2011) . Further, our brain is able to unconsciously perceive or recognize faces without them even entering our consciousness (for a review, see Barton et al. 2001; Schweinberger and Burton 2003) . Evidence for unconscious or covert face processing comes primarily from studies with patients with acquired prosopanosia, wherein the patients exhibited different behaviors (e.g., reaction times: Young et al. 1988; De Haan et al. 1992) , physiological responses (e.g., skin conductance : Bauer 1984) , or brain electrophysiological activities (e.g., event-related brain potentials: Renault et al. 1989; Bobes et al. 2004 ) for familiar faces versus unfamiliar faces. The differences occurred despite the fact that they could not overtly recognize the familiar faces.
However, little is known about the cortical mechanisms underlying unconscious or covert face recognition.
Recent fMRI studies have suggested that conscious, or overt, face processing is mediated by a distributed neural network (Haxby et al. 2000) . This network consists of a "core system" that includes the fusiform face area (FFA, Kanwisher et al. 1997) , the occipital face area (OFA, Gauthier et al. 2000) , and the superior temporal sulcus (STS; Haxby et al. 2000) , in addition to an "extended system" that includes the frontal lobe, the sublobar region, and the limbic system. Within this network, the FFA shows the most specific response to face processing. It is well established that activation of the FFA is correlated with the detection and identification of faces (Grill-Spector et al. 2004; Rotshtein et al. 2005; Kanwisher and Yovel 2006) . Activation of the FFA has also been shown to occur when individuals were presented with degraded face images, or even when individuals mistook an ambiguous image of a house for a face, suggesting that this region is hypersensitive to face stimuli (Heekeren et al. 2004; Summerfield et al. 2006) .
In addition to overt face recognition, studies have also reported the involvement of the FFA in covert face processing. For example, both Jiang and He (2006) and Morris et al. (2007) demonstrated that the FFA could be activated by face images even when the participants were not aware of them. Additionally, a study by Lehmann et al. (2004) revealed greater activation of the FFA for faces that had been previously presented (i.e., the old faces) than for new faces, regardless of the participants' subjective responses (i.e., whether the face is old or new). Similarly, Kouider et al. (2009) found that repeated presentation of a face resulted in a decrease in FFA activity even when participants did not perceive the initial priming face. Such evidence suggests that the FFA is involved in processing of not only consciously perceived faces but also unconsciously perceived faces.
The existing fMRI studies on covert face processing have used unfamiliar faces, and relatedly, focused almost on neural activity in the FFA (e.g., Lehmann et al. 2004; Morris et al. 2007 ). Studies of overt familiar face processing have demonstrated that the neural substrates involved in familiar face processing are different from those involved in unfamiliar face processing. The former tends to engage the extended face network to a greater degree (Gobbini and Haxby 2007) , most notably, several major regions in the frontal cortex such as the inferior frontal gyrus and the middle frontal gyrus (MFG). Their involvement in overt familiar face processing is perhaps due to the fact that more neural resources are needed to retrieve the identity or autobiographical information associated with a face. It is possible that covert and overt processing of familiar faces may differ from that of unfamiliar faces. Thus, in addition to greater involvement of the core system, familiar face processing, overt and covert alike, likely engages the frontal regions of the extended face network to a greater degree than unfamiliar face processing. However, direct evidence to support these suggestions is largely lacking. Rossion et al. (2003) tested a prosopagnosic patient, known as P.S., who was unable to recognize faces with which she was previously familiar. Nevertheless, she showed normal activation of the right FFA to unfamiliar faces. Further, a recent study with P.S. by Simon et al. (2011) demonstrated that both her FFA and the right MFG showed more activation for famous than for unfamiliar faces. This new finding suggests that covert familiar face processing may indeed be different from covert unfamiliar face processing, with the former engaging both the core and extended face-processing networks to a greater degree. However, due to the absence of a control group in this study, the extent to which the patient's familiar face processing is similar to, or different from, familiar face processing in normal individuals remains unknown. The present study directly addressed this intriguing question by comparing a prosopagnosic patient's processing of familiar and unfamiliar faces with those of normal controls.
To the best of our knowledge, all existing studies on covert face processing and particularly those involving prosopagnosic patients have not explored the functional connectivities among the key regions in the core and extended face networks. Such exploration is necessary because it would shed light on the interactions between the core and extended faceprocessing networks involved in covert face processing. Further, it would also provide insight into the nature of a patient's prosopagnosia. It is possible that prosopagnosic patients have impairments in any number of key regions in the face-processing network; alternatively, it is possible that patients have intact brain regions but that abnormalities in the functional coupling between these regions is responsible for the impairments in face identification (Fox et al. 2008) . To explore these possibilities, the present study also examined the functional connectivities between the patient's face-responsive areas in the middle fusiform gyrus (FG) and the frontal regions in the extended network with the use of psychophysiological interaction (PPI, Friston et al. 1997 ) and compared it to those of normal controls.
Materials and Methods

Patient
Patient Z.D. was a right-handed male with normal vision (43 years old, at the time of testing), who was suffering from mitochondrial encephalomyopathy. The patient showed great difficulties in recognizing faces with which he was previously familiar, including his family (e.g., his wife and daughter), his doctors, and even his own face in mirrors. However, he was able to accurately recognize the identities of these persons by their voices or their clothes. During testing, Z.D. was asked to name 18 color photos of familiar faces (famous individuals and family members) and 18 daily objects, for example, different kinds of fruit and various kitchen supplies. According to his family members, he had been very familiar with all 36 items before the onset of his disease. After the onset of his disease, he could identify none of the faces, whereas he could accurately discriminate their gender (relying on hairstyle differences) and some non-facial features (e.g., glasses). However, 16 of 18 daily objects were correctly identified, suggesting that Z.D. suffered from a selective impairment in face recognition. Diffusion weighted image (DWI) revealed cytotoxic edema resulting from the onset of his disease in the right temporal lobule, the left temporal lobule, the right occipitotemporal cortex, the right posterior parietal lobule, and the right precuneus (Fig. 1) .
Control Participants
In addition to Z.D., 10 normal, right-handed, and age-matched Chinese individuals with normal or corrected-to-normal vision (8 males and 2 females) participated the present study as controls, whose age ranged from 40 to 56 (mean = 46.1). None of these normal participants reported a history of psychiatric disorders or took psychotropic medication. Both Z.D. and all normal participants gave informed consent to participate in the present study. This study was approved by the Human Research Protection Program of Henan Provincial People's Hospital, Zhengzhou, China.
Behavior Experiment
The behavior experiment included 2 tasks. The first was a face/object recognition task, during which the normal participants were presented with 16 famous face photos (face test) and 16 daily objects (object test) and were asked to name the famous faces and the objects, respectively. For the patient Z.D., the same test was performed with 2 additional familiar faces (Z.D.'s wife and daughter) in the face test and 2 additional daily objects in the object test to equalize the number of items between the 2 tests.
The second test was a face/object discrimination task that also included face and object photos. For each face test trial, a face image was first presented for 1 s, followed by a 1-s fixation, and then a second image was presented which consisted of 2 simultaneously presented faces appearing side by side. All paired faces had similar haircuts and face contours, but one of the faces in the pair was the same as the face in the first image. During the presentation of the second image, participants were instructed to indicate which one of them was the same as the first-presented image using their index or middle finger to press the corresponding key as quickly as possible. The second image was presented until participants responded. However, a response occurring after 10 s was considered a missing response. For the object test, the trial paradigm was similar to that of the face test except that nonface objects replaced the face images. Further, in the second image, the side-by-side arrangements of paired objects were from the same object class (e.g., 2 houses or 2 watches). The spanned visual angles were about 10.3°by 6.3°and 24.8°by 6.3°for the singlepresented picture and side-by-side-presented 2 pictures, respectively.
fMRI Experiment
Procedure fMRI scanning consisted of 2 passive viewing sessions, the famous face session and the unfamiliar face session. The famous face session included three famous face epochs and three common object epochs with 12-s fixation intervals between 2 adjacent epochs. Each epochs was presented for 18 s. Nine famous faces were used, and they were selected based on a prescanning questionnaire answered by each participant, or in Z.D.'s case by his family members, and consisted of celebrities such as the national leaders of China and various television stars originally highly familiar to Z.D. Nine common objects were used and they consisted of typical daily objects such as a bag, a flower, and a chair. The spanned visual angle of each stimuli picture was about 15.1°by 11.2°. Each epoch contains 7 gray and 2 color images, each of which was presented for 1200-ms and followed by an 800-ms fixation. The color images were presented in random order. During each epoch, the participants were instructed to passively view the image and press a key when they saw a color image (this procedure ensured that the participants were paying attention during the passive viewing task). The unfamiliar face session was the same as the famous face session except that faces that the participants had not seen before were presented in place of the famous faces. Additionally, the common objects used in the unfamiliar face session were completely different from those used in the famous face session. Each session began with a 6-s fixation to acclimatize the participants and ended with a 12-s fixation to compensate for the delay of the hemodynamic response.
fMRI Data Acquisition Structural and functional MRI data were collected using a 3.0-T MR imaging system (Siemens Trio, Germany). The functional MRI series were collected using a single shot, T 2 *-weighted gradient-echo planar imaging sequence (TR/TE = 2000/30 ms; 31slices; 4 mm thickness; matrix = 64 × 64) covering the whole brain with a resolution of 3.75 × 3.75 mm. High-resolution anatomical scans were acquired with a T 1 -weighted 3D enhanced fast gradient-echo sequence (voxel size: 1 × 1 × 1 mm 3 , matrix: 256 × 256 × 176).
fMRI Data Analysis Spatial preprocessing and statistical mapping were performed with SPM8 software (www.fil.ion.ucl.ac.uk/spm, Friston et al. 1994) . After slice-timing correction, spatial realignment and normalization to the MNI152 template (Montreal Neurological Institute), the scans of each session were re-sampled into 2 × 2 × 2 mm 3 voxels, and then spatially smoothed with an isotropic 6-mm full-width-half-maximal (FWHM) smoothing function. The time series of each session was high-pass Figure 1 . Diffusion weighted image (DWI). The cytotoxic edema (the regions with high intensity) was observed in the right temporal lobule, the left temporal lobule, the right occipitotemporal cortex, the right posterior parietal lobule, and the right precuneus.
filtered (high-pass filter = 128-s) to remove low-frequency noise possibly containing scanner drift (Friston et al. 1994) .
After preprocessing, a general linear model (GLM) was constructed by including 4 condition regressors (i.e., famous face and common object for famous face session; unfamiliar face and common object for unfamiliar face session). Each condition regressor was obtained by convolving a canonical hemodynamic response function with a box function corresponding to the onset time series of each stimulus category. Movement parameters were used in the GLM as additional regressors to account for movement related artifacts. After participantspecific parameters were estimated, a conventional whole-brain analysis was performed at the individual level using contrasts of famous face minus common object, unfamiliar face minus common object, and familiar face minus unfamiliar face. Then, the group result for each of the contrasts was obtained by averaging corresponding individual contrast maps using a random effect analysis with a statistical threshold of P < 0.001 (uncorrected) and cluster threshold of k ≥ 12.
Results
Behavioral Results
For the face/object recognition task which had no time limit, the patient Z.D. could not identify any of the 18 famous faces, but accurately recognized 16 of 18 daily objects. In contrast, on average, the normal participants successfully recognized 13.8 of the 16 famous faces (mean accuracy ratio = 86%, standard deviation [SD] = 10%) and 15.6 of the 16 daily objects (mean accuracy ratio = 98%, SD = 3%) (Fig. 2, top) .
For the face/object discrimination task that had time limits, Z.D. had a correct discrimination rate of 25% (missing 50%) for the face test, and 50% (missing 22%) for the object test (Table 1 ). In contrast, the normal participants had a mean correct discrimination rate of 93% (SD = 11%, missing 2%) for the face test, and 94% (SD = 11%, missing 3%) for the object test (Fig. 2, middle and bottom) . Figure 2 shows the behavior performance for Z.D. and normal participants. In order to compare the behavior performance of Z.D. to that of the normal participants, we first obtained the means and SDs of behavior performance scores of the normal participants (e.g., the accuracy of the face test). Then, based on such results, we calculated the Z-score of the behavior performance of Z.D. (e.g., the accuracy of the face test) relative to the performances of the normal participants. As revealed by the comparison, for both the face and object tests, Z.D. performed significantly worse than normal participants (face test Z = −6.39, and object test Z = −4.00).
In sum, these behavioral results indicated that the patient Z.D., compared with the normal participants, showed a severe impairment in face recognition and a relatively less severe impairment in object recognition.
fMRI Results
Results of GLM Analysis
One of the primary aims of the present study was to examine whether a patient with prosopagnosia will show a faceselective response in the ventral occipitotemporal cortex, similar to that of a normal participant. To determine this, we compared the activation for famous faces and unfamiliar faces to that for common objects. As shown in Figure 3 , greater activation was observed in Z.D.'s bilateral middle FG for famous faces than for common objects. However, there was no difference in activation between unfamiliar faces and common objects in Z.D.'s middle FG. On the other hand, for most normal participants, when comparing famous faces to common objects, greater activation was observed in the middle FG (right hemisphere: n = 9; left hemisphere: n = 7). The behavior results (mean ± SD) for the patient Z.D. and the normal participants. The accuracy ratio for the face/object recognition task (top), the accuracy ratio and missing ratio for the face test in the face/object discrimination task (middle), and the accuracy ratio and missing ratio for the object test in the face/ object discrimination task (bottom). NP, normal participant. In the same way, greater activation was observed in the middle FG when comparing unfamiliar faces to common objects (right hemisphere: n = 7; left hemisphere: n = 5). 2003; Kanwisher and Yovel 2006) , the loci of these regions were consistent with that of the FFA (Kanwisher, et al. 1997) , and we will henceforth refer to these regions as the FFA. Additionally, to reveal the neural correlates of face identity processing, we compared the activation for famous faces to that for unfamiliar faces for Z.D. and normal participants, respectively. For patient Z.D., several brain region were identified using this comparative method, including the bilateral medial frontal gyrus (MeFG, BA 10) which extended to the left anterior cingulated cortex (ACC, BA32), right precuneus (BA 31), right superior temporal gyrus (STG, BA 22), right FG (BA 37), left middle cingulated gyrus (BA 32), and right posterior lobe in the cerebellum (Fig. 4 left and Table 3 ). Similarly, the brain regions activated in the normal participants by the famous faces relative to the unfamiliar faces included the bilateral lateral MFG (BA 46/9), left inferior frontal gyrus (IFG, BA 45), right parietal lobule (BA 7), bilateral STG (BA 13/22), right middle temporal gyrus (MTG, BA 39), right FG (BA 20/37), right posterior cingulated cortex (PCC, BA 31), left caudate, and left anterior lobe in the cerebellum (Fig. 4 right and Table 3 ).
As indicated in Table 3 , a particular region of the cortex in the right middle FG showed increased activation in response to famous faces (as opposed to unfamiliar faces) in both patient Z.D. (Talairach coordinate: 42, −40, −10) and in normal participants (Talairach coordinate: 32, −38, −15). It should be noted that the loci of this region sensitive to famous face (henceforth referred to as the famous face region) was located anterior to the FFA that was identified by famous faces relative to common objects for both patient Z.D. and normal participants.
Psychophysiological Interaction Analysis
As suggested by Haxby et al. (2000) and Ishai et al (2005) , the recognition of familiar faces relies on the functional connectivity from a "core system" (e.g., the middle FG) to an "extended system" (e.g., prefrontal cortex [PFC]). We therefore used the PPI (Friston et al. 1997) method to estimate the influence of the famous face region on the other brain regions when normal participants or Z.D. viewed famous faces as opposed to when they viewed unfamiliar faces. The PPI analysis is a method used to calculate the effective connectivity between brain regions. It can quantitatively measure the influence of a given region on other brain regions, which can be induced by experimental manipulation (e.g., famous faces vs. unfamiliar faces). In terms of PPI analysis, the influence that one region (the seed region) exerts on another regions is defined by the degree to which the response of that region is predicted on the basis of the activities of the seed region (Friston et al. 1997 ). Thus, the PPI analysis can identify the regions (voxel by voxel) that are influenced to a greater Table 2 The loci and peak activations of the bilateral middle fusiform gyrus identified by the contrast of famous faces minus common objects and that of unfamiliar faces minus common objects (P < 0.001 uncorrected)
RFFA LFFA Note: RFFA, the right fusiform face area; LFFA, the left fusiform face area; N, number. *P < 0.005 uncorrected; **P < 0.0001 uncorrected. The size of voxel: 2 × 2 × 2 mm 3 .
degree by the seed region for one experimental condition relative to another. In the present study, we selected the regions within the right middle fusiform which was identified, at the group level, by famous faces relative to unfamiliar faces as the reference regions for the seed volume of interest (VOI) (i.e., the famous face region: 42, −40, −10 for patient Z.D. and 32, −38, −15 for normal participants). To allow for individual differences in the peak activation locations, the VOI was defined as a 4-mm radius sphere centered on the peak activation of each individual contrast image, which was the nearest local maximum within 15 mm of the local maximum of the group analysis. The physiological activity was obtained by extracting the first eigenvariate across all voxel time courses within each VOI. The psychophysiological interaction term (PPI regressor) was defined as the cross-product of the physiological activity and a vector ( psychological variable) that coded the effects of experimental manipulation (e.g., A > B; 1 for A and −1 for B). Thus, a GLM was constructed using the psychophysiological interaction term, the physiological activity, and the psychological variable as the regressors.
A whole-brain analysis was performed using SPM8 to identify the brain regions to which the seed region presented enhanced connectivity dependent on an experimental manipulation (famous faces minus unfamiliar faces). For each seed region, PPI analysis was first performed for individual participants, and then the group results of the PPI analysis were obtained by averaging all individual contrast images using a random effects analysis with a statistical threshold of P < 0.005 (uncorrected) and cluster threshold of k ≥ 20. Figure 5 and Table 4 show the results of the PPI analysis. For Z.D., when comparing famous faces to unfamiliar faces, the right middle FG showed enhanced coupling to the right MeFG (BA 6), left superior frontal gyrus (SFG, BA6), right SFG (BA9), and right MFG (BA6), left precuneus (BA7) which extended to the left cingulated gyrus (BA 31), left MTG (BA 21), and some sublobar regions such as the left thalamus and left lentiform nucleus (Fig. 5 left) . For normal participants, when comparing famous faces to unfamiliar faces, their right middle FG showed more influence on the bilateral lateral MFG (BA 46/8), right IFG (BA 45/47), and some sublobar regions such as the left insula and right lentiform nucleus, and left anterior lobe in the cerebellum (Fig. 5 right) . 
Discussion
Patients with prosopagnosia offer a unique opportunity for the investigation of the neural correlates of covert face processing due to their inability to consciously recognize the identity of familiar faces. In the present study, neither famous nor unfamiliar faces were recognized by the patient, Z.D., even though the famous faces were highly familiar to him before the onset of his disease. Nevertheless, his bilateral FFA showed greater activation for familiar faces than for common objects. Our findings are largely consistent with the findings of the recent fMRI studies of another prosopagnosic patient P. S., who also failed to identify faces but showed greater normal FFA activation for faces (Rossion et al. 2003) . However, different from Z.D., P.S. showed enhanced activities in FFA for both famous faces and unfamiliar faces relative to common objects (Simon et al. 2011) , suggesting that Z.D. might have a more severe impairment than P.S. Nevertheless, the findings from these 2 studies taken together suggest that the FFA plays an important role in covert processing of familiar faces.
Our patient data, along with data from P.S. significantly extend understanding of the role of the FFA in covert face processing. Existing studies with normal participants have implicated the FFA in covert processing of unfamiliar faces (e.g., Lehmann et al. 2004; Jiang and He 2006, Morris et al. 2007) . However, these studies failed to include familiar faces in their design to assess whether face familiarity plays any role in the activation of the FFA during covert face processing. Extensive fMRI studies have examined the effect of face familiarity on overt face processing in normal individuals. Although results are not always consistent, familiar faces tend to elicit a greater degree of activation in the middle FG than unfamiliar faces (e.g., Grill-spector et al. 2004; Rotshtein et al. 2005; Gobbini and Haxby 2007) . In line with this tendency, the normal participants in the present study also showed similar patterns of activation. The existing evidence regarding the role of familiarity in normal individuals' overt face processing and prosopagnosic patients' covert face processing taken together suggests a central role of the middle fusiform regions including the FFA in familiar face processing. Findings from recent fMRI studies with normal participants and prosopagnosic patients suggest that activation of the FFA alone is not sufficient for overt face identification (Steeves et al. 2006) . Rather, the successful recognition of a familiar face relies on a neural network that is distributed throughout the brain (Haxby et al. 2000; Ishai et al. 2005 ). The present study provided new evidence supporting such hypothesis. In the present study, though the bilateral FFAs of patient Z.D. showed more response to famous faces than to common objects, he did not recognize the famous faces with which he had been familiar before the onset of his disease, suggesting that the enhanced activation of the FFA did not automatically lead to the successful face identification.
The whole-brain analysis revealed familiar face recognition to involve additional regions for both Z.D. and normal participants. However, the exact cortical regions that showed differential responses to famous faces relative to unfamiliar faces differed greatly between the normal participants and patient Z.D. The major differences were in the PFC and the parietal lobule. Among the normal participants, the bilateral MFG, left IFG, and right superior parietal lobule (SPL) showed more activation for famous faces than for unfamiliar faces. A large body of evidence has suggested that the lateral prefrontal cortex (LPFC) is involved in memory processing (Curtis and D'Esposito 2003) . Specifically, recent fMRI studies have shown that certain regions in the PFC were related to the processing of faces that required the recollection of face identity or autobiographical information. Further, the loci of these regions are highly similar to the regions identified in the normal participants in the present study, for famous faces relative to unfamiliar faces (for convenience of comparison, the loci of the latter are displayed in italic font in the square bracket in the following text.). For example, Ishai et al. (2005) found that in the left IFG 19, 19, 22] ), the famous faces elicited greater activation than unfamiliar faces. Denkova et al. (2006) −40, 24, 8 [−45, 30, 3] ) for remembered faces but not for forgotten ones (Sergerie et al. 2005) . A recent neuropsychological study also found that damage to the frontal lobe could lead to impaired face encoding and retrieval (Rapcsak et al. 2001) .
The right SPL was seldom reported to be related to face processing. However, converging evidence suggests that the parietal lobule (including the SPL and inferior parietal lobule [IPL] ) is involved in the retrieval of episodic memory (Wagner et al. 2005) . Especially, Vilberg and Rugg (2007) found that the right SPL showed enhanced activation when studied pictures were recollected, whose locus (33, −60, 57) was highly consistent with that in the present study ([33, −59, 51] ) when participants identified famous faces compared with unfamiliar faces. Thus, our findings from the normal participants suggest that the bilateral PFC and the right SPL are perhaps involved in the storage and retrieval of identity information for famous faces during overt face processing. In addition to the PFC and SPL, for normal participants, the activation elicited by famous faces relative to unfamiliar faces was also observed in the right middle FG, bilateral posterior STG, right posterior MTG and right PCC. These regions have also been suggested to be involved in the processing of familiar faces (Gobbini and Haxby 2007) .
In contrast, for patient Z.D., activation for famous faces minus activation for unfamiliar faces was observed mainly in the bilateral medial frontal cortex, an area that did not show a differential response in the normal participants. Additionally, the activation for famous faces minus activation for unfamiliar faces was also found to occur in the right STG, right middle FG, and right precuneus. Given the crucial roles of the lateral PFC and SPL in overt face recognition, it is reasonable to speculate that Z.D.'s face identification impairment may be, at least partially, due to the absence of the involvement of the lateral PFC and the SPL.
However, it should be noted that, for Z.D., in addition to the right middle FG, the remaining activated regions have also been reported to play a role in face processing among normal participants. For example, the locus of the STG was consistent with that of the STS, which was one of the regions in the "core system" of face recognition (Haxby et al. 2000) . It is known that the precuneus was involved in the retrieval of episode memory (Cavanna and Trimble 2006) . In addition, the precuneus and the medial frontal cortex were suggested to be involved in the retrieval of person knowledge (Gobbini and Haxby 2007) . In other words, in Z.D.'s face recognition network, despite the absence of the lateral PFC and SPL, other regions may still be involved in certain aspects of face processing such as face perception and face memory retrieval. Though the activation of these residual regions does not yield successful conscious face recognition, it may be sufficient for covert face processing.
It should be further noted that although patient Z.D. was unable to recognize familiar faces behaviorally, he was able to successfully recognize the identities of celebrities, family members, and acquaintances according to their voices or clothes. Thus, Z.D. was clearly capable of storing and retrieving identity information. Additionally, as indicated by the DWI, there was little cytotoxic edema in Z.D.'s PFC, which would have explained his impairment in overt face identity recognition. One possible explanation for Z.D.'s impairment in face recognition is that, while the visual information from the familiar faces may have been adequately processed in the right middle FG, it might have failed to "trigger" the correct retrieval of personnel identity information stored in the PFC (Fox et al. 2008) . Recently, several studies have revealed a hierarchically organized system for face recognition, wherein the "core system" (e.g., the middle fusiform gyrus) receives the face information from the primary visual cortex, and in turn exerts an influence on the extended system (e.g., the PFC, some sublobar regions) which results in further processing, for example, the retrieval of person knowledge or the decoding of emotions. Consistent with such face recognition mode, Fairhall and Ishai (2007) found that famous faces relative to unfamiliar faces enhanced the feed-forward connectivity from the face-preferential regions in the middle FG to the lateral PFC. We therefore speculated that the patient Z.D.'s face recognition impairment might be due to a functional disconnection between the right middle FG and the lateral PFC, where facial identity information is stored and needs to be retrieved for correct familiar face recognition. Indeed, when comparing famous faces to unfamiliar faces, though the right middle FG of both Z.D. and normal participants showed enhanced activation, the activation for Z.D. (42, −40, −10; T = 3.56) was evidently weaker than that for normal participants (32, −38, −15; T = 5.67). Thus, Z.D.'s failure to recognize familiar faces might be due to the fact that the residual activation in Z.D.' core system was too weak to drive the activation of the lateral PFC regions.
To further validate our hypothesis, we used PPI analysis to explore which brain regions in the high-level cognitive cortex were more influenced by the activities of such regions in the middle FG when processing famous faces than when processing unfamiliar faces. To the best of our knowledge, our study was the first to use functional connectivity analysis to examine the influence of the right middle FG on other cortical regions during a prosopagnosic patient's face processing. As revealed by the PPI results, the normal participants and patient Z.D. showed different coupling patterns enhanced by famous faces. For the normal participants, when comparing famous faces to unfamiliar faces, the region sensitive to famous faces in the middle fusiform, exerted enhanced influence on the bilateral MFG, the right IFG, and the left insula. As previously mentioned, these prefrontal regions are involved in the processing of face identity. Enhanced activation of the anterior insula has also been suggested to be involved in the processing of familiar faces (Gobbini and Haxby 2007) . Such findings are consistent with the feed-forward network reported by Fairhall and Ishai (2007) . For patient Z.D., when comparing famous faces to unfamiliar faces, the region sensitive to famous faces failed to show an enhanced directional influence on the lateral PFC regions, as was seen among the normal participants, supporting our hypothesis. Interestingly, the signals from Z.D.'s right middle FG appeared robust enough to activate the left precuneus, the left MTG, and the medial frontal regions (i.e., the right MeFG and the bilateral superior frontal cortex). The precuneus and the MTG have been suggested to be related to the recognition of familiar faces (Gobbini and Haxby 2007) , but the medial frontal cortex and the SFG have seldom been reported to be involved in face processing. This difference in PPI results between normal participants and patient Z.D. suggest that the functional connectivity from the right middle fuisform gyrus to the lateral MFG/IFG may play a crucial role in the overt recognition of famous faces. The absence of this coupling may lead to an impairment of overt face recognition despite enhanced activation of the right middle fusiform regions in response to familiar faces. However, some of Z.D.'s other residual regions, namely the precuenus and the MTG, can still receive face information from the middle FG. As previously discussed, these regions were related to the processing of face memory. Thus, Z.D.'s surviving connectivity from the right middle FG to these regions may account for the preservation of his ability to covertly or unconsciously recognize faces.
The exact cause of Z.D.'s abnormal functional connectivity is not clear. As indicated by Figure 1 , Z.D. had cytotoxic edema in almost the whole right inferior temporal cortex and posterior parietal lobule. Cytotoxic edema sometimes leads to the dysfunction of neurons. Thus, damage to the connection between the ventral and dorsal pathway from the visual cortex to the extended system may be the cause of Z.D.'s impairment in overt face recognition. The findings of the present study make a strong case for further research on acquired prosopagnosia in patients who are suffering from mitochondrial encephalomyopathy. Many existing patient studies of acquired prosopagnosia tend to involve patients whose prosopagnosia tends to be permanent and nonreversible. In contrast, some abilities impaired by mitochondrial encephalomyopathy (e.g., prosopagnosia) can experience partially neural recovery. This makes it possible to track changes in the face-processing abilities of such patients longitudinally, in order to examine how patients' FFAs and their functional connectivity to other cortical regions change with increases or decreases in disease severity. Furthermore, mitochondrial encephalomyopathy is a genetic disease that is passed along on the maternal line and typically has midlife onset. Thus, it is possible to longitudinally track patients even before the onset of the disease, and to compare their abilities to those of affected relatives whose mitochondrial encephalomyopathy may affect a different brain region, as well as to their normal relatives on the paternal side. Systematic investigation of the face-processing abilities of such patients, and their relatives, would provide new insights into the neural bases of normal and abnormal overt and covert face processing. In particular, by recruiting more prosopagnosic patients with similar mitochondrial encephalomyopathy, we would be able to use the well-established covert face-processing paradigms (e.g., Jiang and He 2006) and perform group level comparisons between participants with vs. without prosopagnosia. Such research would thus overcome one of the limitations of the present study, that is, the involvement of a single patient, and offer deeper insight about the neural mechanisms underlying covert face processing.
